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Unitarity Triangle: Testing Ground for the Standard M odel

CKM matrix for describing weak interactions of quarks

Vud Vius Vub 1— )‘2/2 A )‘BA(p — 7377)
Vekm = | Vg Ves Vi | = Y 1—A2/2 224 +0(\h)
Via£ Vis Vi NMAQ—p—in) —NA 1

® Unitarity condition of Vi leads to a triangular relation in complex p-n plane
® Vvalidity can be thoroughly tested by B decay measurements

® QCD (hadronic) effects must be understood for translating the measurements to CKM

»pr = p

P2 =

¢3 = 7
Via = |Vigle 1

V::chd Vip = ‘Vub‘e_w?’
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C P Violation in B Decays. (B — f) # (B — f)

Counting
Ng — Np
Ng + Np

Time-dependent analysis
Ng(At) — Np(At)
Np(At) + Np(At)

Dalitz analysis (pick a particle in final state f that decays to three-body)

[Mg(mZ,m2)]" vs [Mp(mZ,m?)|"

Time-dependent Dalitz analysis

[Mg(m2,m2)(AD)]° vs |Mp(m%,m2)(At)|”
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All CP Violation Must Be Described by CKM Angles

Via = [Viale*** (B°-B° mixing)

® Mixing-assisted (time-dependent) C PV
® BY — J/yYKO (sin2¢1)
® BY - ¢KO (sin2¢1 from loop diagram)
® CPV in BO-BY mixing itself
® Ony SM CPV in B that is not seen yet ( Bs system is yet to be explored at LHC)

Vb = |Vup|e7#?3 (b — u decays)

® Direct CPV (Interference with other diagrams)
® BO — 7tx— (seen by Belle, not confirmed by BaBar)
® BO - K+x— (seen by BaBar and Belle)
® BT — DK Dalitz analysis (2.40 effect seen by BaBar and Belle, best for ¢3)

Both V;4 and V,,;, are involved

® Mixing-assisted C' PV for final states containing V;
® BO — 7tx— (seen by Belle, not confirmed by BaBar)
® BY — pTp~ (consistent with zero, best for ¢-)
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Asymmetric Energy eTe~ Collision at Y (4S)
() = |BY > |B) > —|B} > |B; >

When one is BY, the other is BY atany t
(C'is conserved in Y(4S) — BB)

At == (zep — 2tag)/ (75¢)
B flight-length in x-y: only ~ 30u

tag—side

(2ep — 2tag) <K eTe™ interaction region

The other B (tag-side) provides a time reference and flavor tagging at At =0

Parameters BaBar Belle
etTe™ energy 3.1 x 9GeV 3.5 x 8.5GeV
v 0.56 0.425
Interaction region (h X v x 1) | 120pum X 5um X 8.5mm | 80 um X 2 um X 3.4 mm
Typical (zcp — ztag) 260pm 200pm
o, (CP-side) 50 pm 75 pm
o, (tag-side) 100 ~ 150 pm 140 pm
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Mixing-assisted C'P Violation

Interference between (B% — f) and (B® — BY — f) leads to time-dependent asymmetry

[(B%(At) — f) =T(B°(At) = f) _ 2ImA N
T(BO(At) — f) + T(BO(At) — f) 1+ A2 sin(AmgAt) — e cos(AmgAt)
St C
A(BO f) BO » f
q —
A=12 \
p A(BO — f) 9~ e_kal éo/

P

Theoretically clean measurements come from J/ng and other b — ccs tree decays
® one diagram dominates, f = fep

® no weak phase in the diagram b

Sy = sin 26y for J/PpKY . %{
d >

A

Jy

In general, sin2¢1 = —nf x S¢ (ng is CP value)

o »n O O

® SM corrections are small ©O(10~4)
Mannel, Boos, Reuter, PRD 70, 036006 (2004)
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Fit to At Distributions

BaBar (227 x 10BB) Belle (386 x 10°BB)
ns = —1(above), +1(below) J/ K2 J/YpKY
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Unbinned maximum likelihood fit -
Likelihood of each event P; contains sin2¢;, as 7
a free parameter. Maximize L = [[, P; B R Ew
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sin 2¢, from b — ccs Modes

BaBar/Belle Averages Heavy Flavor Averaging Group http://www.slac.stanford.edu/xorg/hfag/

0.722 4= 0.040 4 0.023 (BaBar 227 x 10° BB)

sin 2¢1 = 0.685 £ 0.032 _
0.652 & 0.039 4= 0.020 (Belle 386 x 10°BB)

+0.051 4+ 0.033 4+ 0.014 (BaBar)
—0.010 £ 0.026 £ 0.036 (Belle)

C' = 0.016 £ 0.046

¢1 = 68° solution is disfavored by
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Time Dependenceof B® — wt @™

Contributions from tree and penguin diagrams

o Cc'cCc O

N = o201 |T|e~ %3 + | Plet? T| + |Pleti®s+id

T

— S2i¢2
- — — € . - -
| T|eti9s + |Pletio |T| + | Ple~i¢3+1i0

At fit gives sin 2458 (not sin 2¢2):

Snr = \/ 1 — C2_sin 245t

If penguin contribution can be neglected, S, x ~ sin 2¢2
We know a sizable penguin contribution is present. How do we extract ¢2 from qsgff ?
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B? — wt@~: Yidlds, At Distributions, Asymmetries

Weighted Events/ 1 ps

Asymmetry / 2 ps

BaBar (227 x 10°BB)

-5 0 5

At (ps)

Srr=—0.30+£0.17 £ 0.03
ar = —0.094+0.154+0.04

Events/1.25ps

Raw Asymmetry

200

N
o

Belle(275 x 10°BB)

- @gq=+1

—— Total

72 wn

..... KTt

.......... continuum

[eoNe)
T

Total
b
T
KTt
continuum

0
At (ps)

Srr = —0.674+0.16 £ 0.06

BaBar/Belle average of Sx» = —0.50 + 0.12 indicates sin 2¢ST # 0.
While BaBar C' is consistent with O, Belle observes direct CPV at 4c.
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| sospin Relation for Estimating |2 — ¢S |

® B — 77 produces only (mm);—g and (7w7)—o
B and 7w have 0 spin, Bose-Einstein statistics
Only (wm)7—o from penguin, both (7w7);—g and (7m);—o from tree

|A(BT — 7t 70)| = |A(B~ — «—x")| I =2 only, pure tree

L I I

Triangular relation of branching fractions: S, ~ sin qugff = sin 2(¢2 + 9)
25 ~ 0 for B(7%70) <« B(nT70)

B — m Branching Fractions (x 10°)

Mode BaBar Belle
atrn0 5.8+ 0.6 +£0.4 50+ 1.24+0.5
rto— 5.5+0.4+0.3 4.440.6+0.3
0 | 11740324010 | 2.379:4H5%2

Measured B(7"7Y) is too large to neglect.
Extraction of ¢5 from B — 7 requires full isospin analysis with significantly more data.
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B% — pTp~: Same As ww Except Three Helicity Amplitudes

pt BY T

o -
} ' Ho
- — |—|Jr
— - H-

H_|_—|—H_

V2

Hy —H_

V2

(C'P even)

(CP odd)

= Hp (CP even)

Hy is called longitudinally polarized !

Measured p* p~ can be a mixture of C P-even and C P-odd

® Asymmetry is diluted (recall sin 2¢§ff = n¢ x Sy¢). Isospin relation holds separately.

® Require angular analysis (each helicity state shows different & dependence)

Two very fortunate observations

® ,+p~ almost pure CP-even

fr = 0.978 £0.01477 035 (BaBar)

+0.03340.029
0.95175 039 0,031 (Belle)

O B(p°p%) very small (penguin ~ 0)

B — pp Branching Fractions (x10°)

Mode BaBar Belle
ptpl | 225727 458 | 31.7+£7.1723
ptp~ 30445 | 244422738
p°p’ <1.1
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B? — pTp~: At Distributions, Asymmetries

BaBar(232 x 10°BB) Belle (275 x 10° BB)
& 160¢ & 160¢
35 L% 140 b L% 140}(b)
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6 7 ) 0 2 7] At(ps)b At (ps) At (ps)
_ +0.08 S = 0.09 £ 0.42 £ 0.08
Cop.L = —0.03 4 0.18 £ 0.09 Cpp,L = 0.00£0.307471

Both S,, and C,,, for longutudinally polarized componenent prefer near-zero values.

@2 takes ~ 90° or mirror solution (recall S,, ~ sin 2¢5).
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1-CL

L I

¢ extraction using pp, m, and pm

T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T T T T ‘ T T T ‘ T T T
L WA |
s |
LP N onl
S I B - pTt 1 Combined | pp Oy
I R B - pp —e— CKM fit i _
1p — T 1 $2 = (96 + 13)° and mirror
i solution
0.8 B ‘T,
. i ] pp, T, pr combined
:" i 13
0.4 - - P2 = (99+ )°
0.2 . CKM fit (without ¢ results)
------ :-.:\~:-I-fI-\-.J-.L-.J---’--_ [ \ b '\‘ [ ]_3
40 60 80 100 120 140 160 180 P2 = (97J_r19)°

a (deg)

pp gives the best ¢5. pr (time-dependent Dalitz analysis) helps to remove mirror
solution

7 has limited power due to large |¢2 — ¢S | uncertainty

Good agreement with CKM fit result without ¢o
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¢s from Bt — DK™

Contribution from external tree and Internal tree diagrams

Vus u Vub _
K+ b < < u Do
s . W c
b Vch w* B )
— © Ves >
+ -0 +
By > u P u > u «
Cabibbo-favored Cabibbo-suppressed and color-suppressed

Reconstruct D° and D° with common decay modes. The two are indistinguishable and
interfere.

Presence of ¢3 shows up as differences of decay rate or D decay pattern between B and
B~ data.

At present, the best approach is to reconstruct
BT — [ng+7r_]DK+

and examine difference in D — K277~ Dalitz plots for B and B~ data

Giri, Grossman, Soffer, Zupan, PRD 68, 054018 (2003), Bondar, Belle Internal Note (2002)
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Bt — [KonTn~|pK™ Dalitz Analysis
Neutral D from Bt — DK is mostly D° but contains ~10% DO (call DY)

DO amplitudes

BT — [Kgn n |p KT

"~

— f(m3,m?) + rel(T93%9) f(m?2 m?2)

r, o amplitude ratio and strong phase difference of CSD and CFD
fim%,m?) D% — K¢ntn~ amplitude expressed by m .+ and mp -

(precisely determined from D° sample in et e~ — cc data)

Dalitz distributions of D0 — K%wﬂr‘ will look different if » £ 0 and ¢35 # 0. 7, ¢3, and ¢
can be extracted from the difference.
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Dalitz Distributions

BaBar (227 x 10°BB)
B~ — DOK—

Bt - DOK+
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Deviation from origin indicates » # 0. Difference of BT and B~ signifies ¢3 # 0 (CPV)
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¢3 Results

BaBar
Belle

DK, D*K, DK* combined
DK, D* K combined

(67 £28 +13 4+ 11)°
(68112 + 134+ 11)°

Third errors due to uncertainty of D — K gmm decay model

IS 12

0.8
0.6
0.4

0.2

-0.2

[ rrrprreryrrrprrryprreprryprel
"T RN RN LR LR LR
1 u_"
[ il

b3 = (68 £ 17)° 95%C.L.
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Fitsto CKM Parameters

Without angle measurements Using only angle measurements
i ot L o e B B B B
_\f sin 2 @ _
W | g
04 §\ 7 :
sol. w/ cos 2@, <0 = [ 3 sol. w/ cos 2, <0
(excl. at CL >0.95) 03 :_ E A (excl. at CL>0.95)
0.2 ;— @,
0.1 -
f\\ @
0 M S B, I L | | |
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

3

CKMfitter Group http://ckmfitter.in2p3.fr

A = 0.226 = 0.001
sol. w/ cos 2¢, <0
excl. at CL>0.95, _ +0.011
_ +0.036
p = 020774019
7 = 0.340 &+ 0.023

P
UTfit Group http://www.utfit.org p = 0.214 +0.047, 7 = 0.343 £ 0.028

Good agreements between fits without CKM angles and with CKM angles only
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Summary

All categories of C'P violation in B decays that are expected in the Standard Model
were seen except that in B%-B9% mixing itself.

Precision of sin 2¢; measurements has reached 5%. Significantly improved the
Unitarity Triangle constraint.

¢2 and ¢3 measurements began to produce useful results (64, = 12°, 4, = 17°).

Best approaches, pt p~ for ¢2 and DK = Dalitz analysis for ¢3, were not on our
original list.

Good agreement of (p, 17) from fits with angles only and without angles. Strongly
support the Standard Model. Redundant measurements are important because of very
different QCD hadronic effects in each mode.

Ultimate goal is to find deviation from the Standard Model. Higher precision both in
experiments and theory is crucial.
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